Background: Hypothyroidism may occur as a late effect of breast cancer-directed treatment, particularly after radiotherapy, but little is known whether hypothyroidism affects the prognosis after breast cancer. We investigated the association between hypothyroidism and breast cancer recurrence, and all-cause mortality. Methods: In this population-based cohort study, we used national medical registries to identify all Danish women 35 years or older diagnosed with stage I-III, operable breast cancer between 1996 and 2009. Hypothyroidism was defined as hospital diagnoses ascertained via diagnostic codes, or as prescriptions for levothyroxine. Two analytic models were used: (i) hypothyroidism present at the time of the breast cancer diagnosis (prevalent) and (ii) hypothyroidism diagnosed during follow-up as a time-varying exposure lagged by 1 year (incident). Breast cancer recurrence was defined as any local, regional, or distant recurrence or contralateral breast cancer. All-cause mortality included death from any cause in any setting. We used Cox regression models accounting for competing risks to compute adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) of breast cancer recurrence and all-cause mortality. Results: The study cohort included 35,463 women with breast cancer with 212,641 person-years of follow-up. At diagnosis, 1272 women had hypothyroidism and 859 women developed hypothyroidism during follow-up. In total, 5810 patients developed recurrent breast cancer. Neither prevalent nor incident hypothyroidism was associated with breast cancer recurrence (adjusted HR prevalent 1.01, 95% CI 0.87-1.19; adjusted HR incident 0.93, 95% CI 0.75-1.16, respectively). Furthermore, no differences were seen for all-cause mortality for prevalent or incident hypothyroidism (adjusted HR prevalent 1.02, 95% CI 0.92-1.14, and HR incident 1.08, 95% CI 0.95-1.23, respectively). Stratification by menopausal status, oestrogen receptor status, chemotherapy, or radiotherapy did not alter the estimates.
Background
Breast cancer is one of the most common malignancies in women, worldwide. Over the last 25 years, mortality has decreased by 36% leading to an increased number of breast cancer survivors [1] . This considerable decline is likely attributable to advances in mammographic screening and improved surgical, radiation, and adjuvant therapies [2] . However, cancer and cancer-directed treatment can incur serious long-term negative health effects. Thus, it is critical to monitor the potential impact of such late effects on breast cancer prognosis.
Hypothyroidism is a common hormone deficiency, characterised by insufficient production of triiodothyronine and thyroxine [3] . The diagnosis of hypothyroidism is confirmed with blood tests measuring thyroid-stimulating hormone and thyroxine levels. Hypothyroidism requires substitution therapy. Despite adequate biochemical control, symptoms like fatigue or disturbed concentration do not always resolve. Hypothyroidism is diagnosed in about 3% of the population, more frequently in women, and risk increases with age; thus, some breast cancer patients develop hypothyroidism long before their breast cancer is diagnosed [4] .
Hypothyroidism is a well-documented late effect after radiation therapy in head and neck cancer [5] . Consequently, a link between breast cancer treatment and subsequent risk of hypothyroidism has been discussed, initially by case reports published on breast cancer patients who developed hypothyroidism years after treatment [6] [7] [8] [9] [10] . Later, observational studies from Europe and the USA suggested that breast cancer patients may have a higher risk of hypothyroidism during follow-up [11] [12] [13] . Furthermore, several studies have linked types of cancer-directed treatments with hypothyroidism [14] [15] [16] [17] [18] and radiotherapy, particularly among those receiving radiotherapy to the supraclavicular region [12] [13] [14] 19] . However, the scientific literature on the association of hypothyroidism with breast cancer prognosis is sparse. Laboratory-based animal models have shown that induced hypothyroidism without the use of substitution therapy may correlate with smaller, less-invasive tumours [20] [21] [22] . Thus, breast cancer patients with hypothyroidism may have a lower risk of breast cancer recurrence.
The aim of this study was first to investigate the association between hypothyroidism prevalent at breast cancer diagnosis, or incident during follow-up, and the subsequent risk of breast cancer recurrence in a large population-based cohort of breast cancer patients. Second, we investigated the association between hypothyroidism and all-cause mortality.
Methods
This study was approved by the Danish Data Protection Agency (Aarhus University, journal number 2016-051-000001, running number 437), the Danish Medicines Agency, and the Danish Breast Cancer Group (DBCG). According to Danish Law, ethical approval is not necessary because the study uses routinely collected registry data.
In Denmark, a unique civil personal registry number is assigned to all citizens at birth or immigration, enabling accurate and unambiguous individual-level record linkage across all public registries, medical as well as non-medical [23] . Due to tax-funded healthcare, all 5.6 million citizens have free access to public hospitals, which covers more than 95% of hospitalisations including all emergencies.
Source population
We used the DBCG clinical database to ascertain information on all women 35 years or older with incident stage I-III, operable breast cancer on protocol treatment and diagnosed between January 1, 1996, and December 31, 2009 [24] . The DBCG was established in 1977 to optimise diagnostic and therapeutic procedures across the country and to improve breast cancer prognosis [25] . All patients with invasive breast cancer in Denmark are included prospectively, and registration completeness has increased over the years to reach~95% for the last decade [26, 27] . The treating physicians are responsible for entering pre-specified data on patient, tumour, and treatment characteristics. We excluded women with prevalent hyperthyroidism at the time of the breast cancer diagnosis from the analyses.
Thyroid disease
We defined hypothyroidism as a diagnostic code of hypothyroidism or the redemption of at least two prescriptions of levothyroxine. Information on diagnostic codes (International Classification of Diseases (ICD) 8: 244.00-244.03, 244.08, and 244.09, and ICD-10: E03.2-E03.9, and E89.0) was obtained from the Danish National Registry of Patients (DNRP) covering information on all discharge diagnoses for inpatient hospital contacts since 1977 and outpatient and emergency room hospital contacts since 1995 [28] . We used the Danish National Prescription Registry (DNPR) to identify patients redeeming at least two prescriptions (Anatomical Therapeutic Classification (ATC) code: H03A) and to include patients treated for hypothyroidism but not necessarily recorded in the DNRP [29] .
To exclude women with hyperthyroidism from the study population, we identified diagnoses of hyperthyroidism in the DNRP by ICD-8: 242.01-242.29 and ICD-10: E05-E05.9 and E05.0B, or in the DNPR by redemption of at least two anti-thyroxine prescriptions (ATC codes: H03BB01, H03BB02, and H03BA02) during follow-up.
Outcomes
We used the DBCG definition of breast cancer recurrence as any local, regional, or distant recurrence or contralateral breast cancer [25, 26] . Regional recurrence includes recurrence in the same site as the first primary breast cancer in the axilla, supraclavicular, or parasternal lymph node region. All other recurrences are regarded as distant. When a new tumour is detected, a biopsy is taken for pathological assessment. The decision whether the new tumour is a recurrence of a previous cancer or a new primary tumour is based on this assessment in accordance with the clinical guidelines. Due to systematic follow-up, all cases of recurrence are reported in the DBCG including the date and anatomical site of recurrence. The systematic follow-up for patients with operable disease includes a clinical evaluation, biannually for the first 5 years and annually up to 10 years after diagnosis.
All-cause mortality included death from any cause in any setting. We obtained data on mortality from the Danish Civil Registration System, which has registered information on vital and migration status on all Danish inhabitants since 1968 [23] .
Covariates
From the DBCG, we retrieved clinical and treatment characteristics: menopausal status at diagnosis (pre/post), histological grade (a composite score including tubule formation, mitoses, and nuclear pleomorphy) (low, moderate, and high), lymph node status (N0, N1-3, N4+), tumour oestrogen receptor (ER) status (positive ≥ 10%/negative 0-9%), HER-2 status (classified according to immunohistochemistry (Hercept test) and by fluorescent in situ hybridisation (FISH) and available from 2007) (positive HER-2 score = 3 and FISH ≤ 2.00, negative HER-2 score ≤ 2 and FISH ≤ 2.00), and chemo-, radio-, and endocrine therapy (ET) (yes, no) (intention-to-treat information). We summarised the type of primary surgery and radiotherapy into a joint variable (mastectomy with radiotherapy, mastectomy without radiotherapy, lumpectomy) and ER and ET as a joint variable (ER+/ET+, ER+/ET−, ER−/ET+, and ER−/ET−).
We ascertained information on comorbidities diagnosed up to 10 years before primary breast cancer diagnosis from the DNRP. A modified comorbidity score was calculated for each patient according to the Charlson Comorbidity Index excluding cancer in the index score [30] . Based on the score, three categories were computed (no comorbidity, low (score of 1 or 2), and high (score ≥ 3)).
Statistical analyses
We used a prevalent and an incident model for hypothyroidism as illustrated in Fig. 1 . In the prevalent model, hypothyroidism was included as a baseline exposure. Women with a clinical diagnosis of hypothyroidism and/or redeemed prescriptions for thyroxine before or at the time of the breast cancer diagnosis were considered to have prevalent hypothyroidism. For incident hypothyroidism, exposed person-time started at the date of hypothyroidism or once a patient had redeemed at least two thyroxine prescriptions with prescriptions treated as a time-varying exposure lagged by 1 year (please see Additional file 1) [31] .
Person-time at risk of recurrence was computed from the date of primary breast cancer surgery (index date) and continued to the date of breast cancer recurrence, death, emigration, hyperthyroidism, 10 years, or the first of June 2015 whichever came first. For all-cause mortality, person-time at risk was calculated from the index date and continued to the date of death, emigration, hyperthyroidism, 10 years, or the first of June 2015 whichever came first.
Within categories of patient, clinical, and treatment characteristics, we examined the frequency and proportion of breast cancer patients according to thyroid status at baseline and during follow-up using euthyroidism as a reference group.
We used Cox regression models to compute crude and adjusted hazard ratios (HR) including 95% confidence intervals (95% CI) comparing the risk of recurrence and all-cause mortality, respectively, according to thyroid status (normal thyroid versus prevalent/incident hypothyroidism) [32] . The proportional hazard assumption was checked by visual inspection of the log of the estimated survivor function in the models involving prevalent hypothyroidism (Additional file 2). The models accounted for competing risks and included adjustments for potential confounding covariates including age at diagnosis (continuous), menopausal status, UICC stage, ET/ER status, surgery type, receipt of chemotherapy, histologic grade, comorbidity, and use of simvastatin or aspirin, respectively. Simvastatin and aspirin use were modelled as time-varying covariates lagged by 1 year after redemption of a prescription and lasting for 1 year. Simvastatin and aspirin use were included in the adjusted models as they have been linked to breast cancer prognosis, and adherence to one medication may correlate with adherence to another prescription [33, 34] . Due to the low number of events in the incident model, we used a directed acyclic graph (DAG) to identify the relevant confounders for recurrence (please see Additional file 3). The final DAG adjusted model included age at diagnosis, UICC stage, chemotherapy, type of primary surgery, and ER/ET status.
In both models, we investigated potential effect measure modification stratifying by menopausal status, chemotherapy, and ET/ER use and for the incident model also stratifying by radiotherapy. In sensitivity analyses, we increased the lag time from 1 to 2 years. For recurrence, we also performed sensitivity analyses restricting to patients who had hypothyroidism 2, 5, and 10 years before their breast cancer diagnosis to investigate the association of duration of hypothyroidism with breast cancer recurrence.
All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC).
Results
In the DBCG registry, 38,442 Danish women ≥ 35 years were diagnosed with non-metastatic breast cancer between 1996 and 2009. Due to reasons outlined in Fig. 1 , 2979 (8%) women were excluded, and so the final study population included 35,463 women with early stage I-III, operable breast cancer.
At baseline, 34,191 (96%) women with breast cancer had a normal thyroid and 1272 (4%) had hypothyroidism with a follow-up time of 205,529 and 7112 person-years, respectively. Women with normal thyroid function were followed for a median of 6.0 years, and women with prevalent hypothyroidism for 5.6 years. Women with prevalent hypothyroidism were older, were more frequently post-menopausal, had more comorbidity, were less likely to be assigned chemotherapy, and were more often simvastatin users compared with their euthyroid counterparts ( Table 1) .
During follow-up, 859 (2%) of the 34,191 women with normal thyroid at baseline developed hypothyroidism in a median follow-up time of 3.4 years. Compared with women with normal thyroid function, women who developed hypothyroidism during follow-up had a higher frequency of lymph node involvement and were more likely to be assigned chemo-, radio-, and/or endocrine therapy.
Recurrence
In total, 5626 (16%) women with normal thyroid function and 184 (14%) women with prevalent hypothyroidism developed recurrent breast cancer including 61% and 62% distant recurrences, respectively. Among women with incident hypothyroidism, 79 (9%) developed recurrence during follow-up of which 62% were distant recurrences. After adjusting for potential confounding factors, women with prevalent hypothyroidism had a similar risk of recurrence as women with normal thyroid function (adjusted HR prevalent 1.01, 95% CI 0.87-1.19). Likewise, there was little evidence of an association of incident hypothyroidism with breast cancer recurrence compared with normal thyroid function (adjusted HR incident 0.93, 95% CI 0.75-1.16) ( Table 2) .
The findings were similar in pre-planned sensitivity analysis with drug exposures lagged by 2 years (data not shown). Stratifying by menopausal status, ER status, and receipt of chemotherapy and radiotherapy produced little change to the effect estimates as shown in Table 3 . Restricting the analysis to patients who had hypothyroidism 2, 5, and 10 years before breast cancer diagnosis did not alter the results substantially (adjusted According to Danish Data Protection Law, cell with very few individuals are not allowed to be presented. 3 Charlson Comorbidity Index (CCI) without cancer included (low: score of 1 or 2; high: score of 3 or more). 4 Histological grade is based on a composite score including tubule formation, mitoses, and nuclear pleomorphy, all consistent of a score of 1, 2, or 3. The scores are summarised, and a total score of 3-5 is categorised as low grade, 6-7 as moderate grade, and 8-9 as high grade (http://www.dbcg.dk/PDF%20Filer/Kap_3_Patologi_22_juni_2017.pdf). 1273 (4) 398 (4 The sensitivity analyses omitting surgery type and chemotherapy from the adjusted model did not alter the results (please see Additional file 2).
All-cause mortality
The study cohort for all-cause mortality included a further 35 women with breast cancer that had been excluded previously due to incomplete follow-up for recurrence. Overall, 10,094 women with breast cancer died during the study period of whom 398 (3%) were women with prevalent hypothyroidism and 274 (3%) were women who developed hypothyroidism during follow-up. Women with prevalent hypothyroidism had a higher mortality risk than women with normal thyroid function (crude HR prevalent 1.25, 95% CI 1.13-1.39), but the association attenuated after adjusting for confounders (adjusted HR prevalent 1.02, 95% CI 0.92-1.14)-histological grade, UICC stage, type of surgery, and comorbidity burden.
Compared with women with normal thyroid function, women with incident hypothyroidism had a slightly increased risk of dying (crude HR incident 1.15, 95% CI 1.02-1.30), which attenuated after adjusting for confounders Stratifying by menopausal status, ER status, and receipt of chemotherapy and radiotherapy did not alter these findings (Table 3 ). Furthermore, restricting to patients with prevalent hypothyroidism in 2, 5, and 10 years, or drug exposures lagged by 2 years did not affect the estimates substantially (data not shown).
Discussion
Evidence from our large cohort study does not support an association between hypothyroidism present at the time of diagnosis or during follow-up and breast cancer recurrence and all-cause mortality. For both recurrence and all-cause mortality, the near-null findings were not modified after stratification by menopausal status, ER status, chemotherapy, or radiotherapy or by duration of hypothyroidism prior to breast cancer diagnosis.
Our study has several strengths. We studied a large, nationwide cohort of women with breast cancer treated in a tax-supported and uniformly organised health care system with complete follow-up. Thus, selection bias seems unlikely. Furthermore, all breast cancer patients registered in the DBCG undergo standardised medical follow-up visits up to 10 years after primary diagnosis and any recurrent breast cancers are systematically registered in the DBCG [24] . Overall, 77% of patients diagnosed with an incident breast cancer from 2006 to 2015 attended the entire follow-up programme with higher attendance among younger patients (~81%) compared with patients aged over 75 years (~74%). In addition, the systematic collection of data on clinical, tumour, and treatment characteristics on all breast cancer patients enabled us to account for important potential confounders that could affect the risk of recurrence and mortality. The completeness of the DNPR is high [28] . The positive predictive value is 80, in general, and higher for conditions that always lead to hospitalisation. However, for conditions like hypothyroidism, the completeness may not be as high as this is often treated outside a hospital setting by a general practitioner. We therefore supplemented our study using data from the Danish National Prescription Registry. In the models of incident hypothyroidism, we used a time-varying approach to eliminate immortal time bias and lagged the exposure to eliminate reverse causation [31, 35] .
Our study is also subject to some limitations. Hypothyroidism is underreported in the general population probably due to non-specific symptoms such as weight gain, fatigue, and memory loss, all of which may increase with age [4, 36] . In this study, we defined hypothyroidism from diagnosis codes or redeemed prescriptions but not by measures of hormone levels in blood samples as these were unavailable. Therefore, we cannot comment on the relationship between underlying hormone levels and breast cancer recurrence. In addition, we had no information on untreated subclinical hypothyroidism. We therefore cannot rule out the likelihood of undiagnosed and thus misclassified hypothyroidism among the women with breast cancer, which may bias our findings towards the null. Furthermore, our findings may be prone to residual confounding-for example, information on medication use (dosage and prescription compliance) and lifestyle factors associated with breast cancer or hypothyroidism (smoking, obesity, and physical activity) were not captured by the registries [37, 38] . Given the absence of data on actual hormone levels, an analysis comparing actual thyroid hormone values to recurrence risk could not be performed. Last, our definition of hypothyroidism was based on diagnostic codes and/or prescriptions for levothyroxine substitution therapy. As such, the impact of treating hypothyroidism may dilute the effect of hypothyroidism on recurrence. In total, 96.7% of the women with hypothyroidism in our study were on levothyroxine substitution. This may be a potential reason why our hypothesis of a positive effect of hypothyroidism on recurrence, as suggested by the laboratory models, was not confirmed [20, 21] .
Previous studies on the association of thyroid function with survival in breast cancer patients have compared survival according to levels of thyroid hormones [39, 40] or using cancer-free controls [37, 41, 42] . To our knowledge, only two studies have investigated the association of hypothyroid disease with survival in a cohort of breast cancer patients [43, 44] . However, one of these-the Malmø Diet and Cancer Study by Brandt et al.-is not comparable to ours as thyroid hormone measurements were collected at the time of inclusion into the study, on average 5 years before the time of breast cancer diagnosis [44] . The study by Fiore et al. only included breast cancer patients with aggressive tumours and performed blood tests to assess thyroid function after surgery and before treatment [43] . By measuring actual levels of thyroid hormone, they were able to detect not only overt hypothyroidism but also subclinical hypothyroidism. However, their study was small, including only 47 patients and only two cases of subclinical hypothyroidism; thus, estimates were presented for all types of thyroid dysfunction. Similarly, a study by Jiskra et al. was hampered by a small sample size (84 patients) and consequently had a low number of cases with hypothyroidism [37] . Jiskra et al. also found no association of levels of thyroid hormones with relapse-free or overall survival in breast cancer patients compared with cancer-free controls. However, these latter two studies were likely underpowered for the hypothyroidism-breast cancer association. Thus, our prospective cohort study is the first to distinguish between the association of prevalent and
